Proteins SpoIIQ and SpoIIIAH interact through two membranes to connect the forespore and the mother cell during endospore development in the bacterium Bacillus subtilis. SpoIIIAH consists of a transmembrane segment and an extracellular domain with similarity to YscJ proteins. YscJ proteins form large multimeric rings that are the structural scaffolds for the assembly of type III secretion systems in Gram-negative bacteria. The predicted ringforming motif of SpoIIIAH and other evidence led to the model that SpoIIQ and SpoIIIAH form the core components of a channel or transporter through which the mother cell nurtures forespore development. Therefore, to understand the roles of SpoIIIAH and SpoIIQ in channel formation, it is critical to determine whether SpoIIIAH adopts a ring-forming structural motif, and whether interaction of SpoIIIAH with SpoIIQ would preclude ring formation. We report a 2.8-Å resolution structure of a complex of SpoIIQ and SpoIIIAH. SpoIIIAH folds into the ring-building structural motif, and modeling shows that the structure of the SpoIIQ-SpoIIIAH complex is compatible with forming a symmetrical oligomer that is similar to those in type III systems. The inner diameters of the two most likely ring models are large enough to accommodate several copies of other integral membrane proteins. SpoIIQ contains a LytM domain, which is found in metalloendopeptidases, but lacks residues important for metalloprotease activity. Other LytM domains appear to be involved in protein-protein interactions. We found that the LytM domain of SpoIIQ contains an accessory region that interacts with SpoIIIAH. B acteria possess diverse sets of transport systems that allow them to obtain nutrients, expel waste products and toxic compounds, communicate and compete with nearby cells, and parasitize eukaryotic cells. Recently, a novel channel or transport system was proposed to move one or more substrates across the two membranes of developing Bacillus subtilis endospores (1-4). The development of endospores by B. subtilis involves differentiation of two cell types. Early after the onset of endospore formation, the cell divides asymmetrically, giving rise to two dissimilar sibling cells. One of these cells (the forespore) develops into the endospore, whereas the other (the mother cell) nurtures the developing endospore and then ultimately lyses. After the asymmetric cell division, most of the septal peptidoglycan is hydrolyzed and the mother cell membrane engulfs the forespore until the forespore is released into the mother cell cytoplasm. The forespore is then surrounded by two membranes: the inner forespore membrane and the outer forespore membrane, which is derived from the mother cell membrane. At this stage, the channel, which spans the two membranes surrounding the forespore, moves a substrate that is necessary for the subsequent stages of endospore development (1-4) .
Proteins SpoIIQ and SpoIIIAH interact through two membranes to connect the forespore and the mother cell during endospore development in the bacterium Bacillus subtilis. SpoIIIAH consists of a transmembrane segment and an extracellular domain with similarity to YscJ proteins. YscJ proteins form large multimeric rings that are the structural scaffolds for the assembly of type III secretion systems in Gram-negative bacteria. The predicted ringforming motif of SpoIIIAH and other evidence led to the model that SpoIIQ and SpoIIIAH form the core components of a channel or transporter through which the mother cell nurtures forespore development. Therefore, to understand the roles of SpoIIIAH and SpoIIQ in channel formation, it is critical to determine whether SpoIIIAH adopts a ring-forming structural motif, and whether interaction of SpoIIIAH with SpoIIQ would preclude ring formation. We report a 2.8-Å resolution structure of a complex of SpoIIQ and SpoIIIAH. SpoIIIAH folds into the ring-building structural motif, and modeling shows that the structure of the SpoIIQ-SpoIIIAH complex is compatible with forming a symmetrical oligomer that is similar to those in type III systems. The inner diameters of the two most likely ring models are large enough to accommodate several copies of other integral membrane proteins. SpoIIQ contains a LytM domain, which is found in metalloendopeptidases, but lacks residues important for metalloprotease activity. Other LytM domains appear to be involved in protein-protein interactions. We found that the LytM domain of SpoIIQ contains an accessory region that interacts with SpoIIIAH. B acteria possess diverse sets of transport systems that allow them to obtain nutrients, expel waste products and toxic compounds, communicate and compete with nearby cells, and parasitize eukaryotic cells. Recently, a novel channel or transport system was proposed to move one or more substrates across the two membranes of developing Bacillus subtilis endospores (1) (2) (3) (4) . The development of endospores by B. subtilis involves differentiation of two cell types. Early after the onset of endospore formation, the cell divides asymmetrically, giving rise to two dissimilar sibling cells. One of these cells (the forespore) develops into the endospore, whereas the other (the mother cell) nurtures the developing endospore and then ultimately lyses. After the asymmetric cell division, most of the septal peptidoglycan is hydrolyzed and the mother cell membrane engulfs the forespore until the forespore is released into the mother cell cytoplasm. The forespore is then surrounded by two membranes: the inner forespore membrane and the outer forespore membrane, which is derived from the mother cell membrane. At this stage, the channel, which spans the two membranes surrounding the forespore, moves a substrate that is necessary for the subsequent stages of endospore development (1) (2) (3) (4) .
The core of the channel is composed of two proteins: SpoIIQ, which is produced in the forespore; and SpoIIIAH, which is produced in the mother cell. SpoIIQ and SpoIIIAH interact through two membranes to connect the forespore and the mother cell. SpoIIQ consists of an N-terminal transmembrane segment and an extracellular LytM domain (residues 89-220; Fig. S1A ). Although LytM proteins are typically metalloendopeptidases that hydrolyze peptidoglycan, some Escherichia coli LytM proteins activate specific amidases that hydrolyze peptidoglycan (5) . It is reasonable to assume that the mechanism of activation involves direct interactions with amidases, but the structural basis for how LytM proteins engage in protein-protein interactions is unknown. The SpoIIQ LytM domain presumably does not exhibit endopeptidase activity because it lacks one of the three metal-binding residues (Ser119 instead of His), which is required for binding Zn 2+ , and the proposed catalytic residue (Ser169 instead of His) (6) . The LytM domain is sufficient for the interaction with SpoIIIAH in vitro (7), but it is not known which region of this domain specifies this interaction.
SpoIIIAH consists of an N-terminal transmembrane segment and an extracellular domain with similarity to YscJ proteins (residues 100-218) (1, 4) (Fig. S1A ). YscJ proteins form large multimeric rings that are the structural scaffolds for the assembly of type III secretion systems in Gram-negative bacteria (8) . Despite low sequence similarity, YscJ proteins and other ring components of type III secretion systems share similar ringforming structural motifs (9) . The sequence differences are thought to control the formation of rings with various subunit numbers, dimensions, and surfaces. Therefore, to understand the possible roles that SpoIIIAH and SpoIIQ may play in mediating ring formation during endospore formation, it is critical to determine whether the tertiary structure of SpoIIIAH adopts a similar YscJ-like, ring-forming structural motif, and to determine the molecular basis for the SpoIIQ and SpoIIIAH interaction. We report here the 2.8-Å resolution structure of a complex of SpoIIIAH and SpoIIQ. The structure of SpoIIQ reveals a LytM fold despite having lost metalloendopeptidase activity. Although SpoIIIAH contains low sequence identity with the ring forming protein YscJ of the type III secretion system, it maintains its overall fold and therefore may have a similar biological role in ring formation. To test whether SpoIIQ binding to SpoIIIAH would prevent SpoIIIAH-driven ring formation, we used the macromolecular modeling program Rosetta to predict the structure of SpoIIQ-SpoIIIAH rings. The modeling results show that SpoIIIAH can mediate ring formation by the SpoIIQ-SpoIIIAH complex, supporting the model that the complex forms the core of a channel or transporter between the mother cell and forespore. Levdikov et al. have also solved the structure of a slightly different construct of the SpoIIQ-SpoIIIAH complex that resulted in a different crystal form, but came to similar conclusions regarding the overall structure of the complex (10) .
Results

Biochemical Characterization of Truncated SpoIIQ-SpoIIIAH Complex.
We previously demonstrated by gel filtration chromatography and isothermal titration calorimetry (ITC) that the full-length extracellular domains of SpoIIQ (residues 43-283) and SpoIIIAH (residues 25-218) interact with a stoichiometry of approximately 1.0 and an apparent binding constant of 5 × 10 6 M −1 (dissociation constant of 2 × 10 −7 M) (7) . Native PAGE analysis indicated that the complex is a heterodimer (Fig. S1B) . We also showed that the full-length SpoIIQ extracellular domain (SpoIIQ 43-283 ) interacted with a truncated SpoIIIAH extracellular domain containing the YscJ domain (residues 90-218) with the same stoichiometry and binding constant as the full-length (SpoIIIAH ). The interaction of the full-length SpoIIIAH extracellular domain (SpoIIIAH ) and a truncated SpoIIQ extracellular domain containing the complete LytM domain (residues 73-220) was similar to that of the full-length (SpoIIQ ). Therefore, we examined the interaction between the two truncated proteins, SpoIIQ 73-220 and SpoIIIAH . When subjected to gel filtration chromatography, we observed a shifted peak, indicating the formation of a SpoIIQ 73-220 -SpoIIIAH 90-218 complex (Fig. S2A) . When analyzed by ITC, we measured a stoichiometry of 1.04 and an apparent binding constant of 1.8 × 10 6 M −1 (dissociation constant of 5.5 × 10 −7 M; Fig. S2B ). These binding parameters are similar to those measured for the interaction of the fulllength extracellular domains (7), indicating that the SpoIIQSpoIIIAH interface is preserved in the truncated complex.
Crystallization of Truncated Complex. We crystallized the SpoIIQ 73-220 -SpoIIIAH 90-218 complex and solved the structure by the single wavelength anomalous dispersion (SAD) method with selenomethionine derivative proteins at 2.8-Å resolution (Fig. 1B, Fig. S3 , and Table 1 ). The truncated complex crystallized in the orthorhombic space group P2 1 2 1 2 1 with two complexes per asymmetric unit. The two SpoIIIAH 90-218 molecules in the asymmetric unit were nearly identical, with an rmsd of 0.5 Å (Cα atoms; Fig. S4 ). Globally, the two SpoIIQ 73-220 molecules are very similar (rmsd of 0.8 Å), but there are some local differences between them. The most pronounced difference is the conformation of a loop (residues 191-201), which extends away from the domain in one molecule (chain B) and bends back toward it in the other molecule (chain D; Fig. S4B ). However, this conformational distortion is most likely a result of differences in crystallographic packing of the two SpoIIQ 73-220 molecules. We did not observe any electron density for the N-terminal 14 residues of SpoIIIAH (residues 90-103), the N-terminal five residues of SpoIIQ (residues 73-77), or the last C-terminal residue of SpoIIIAH (residue 218). As a result, these residues were not included in the final model. *The values in parentheses refer to the highest resolution shell. † R merge = Σ|I − <I>|/ΣI, where I = observed intensities and <I> + mean intensity obtained from multiple observations of symmetry-related reflections and rejections.
where F o and F c are the observed and calculated structure factors, respectively. Reflections flagged for Free R test (7.1 %) were excluded from the calculation. R for all reflections was 21.3 %. § R free = defined by Brünger (11). β11), flanked by two β-strands (β1 and β4) on one side and a single β-strand (β9) on the other ( Fig. 2A) (12) . A Dali database search showed that SpoIIQ 73-220 and a truncated Staphylococcus aureus LytM (Protein Data Bank accession no. 2B13) superimpose with a Z-score of 15.1 and rmsd of 2.3 Å ( Fig. 2A and Table S1 ) (13) . SpoIIQ 73-220 differs significantly from LytM by an insertion of residues between β1 and β4. In S. aureus LytM, this region is only 11 residues long and consists of two short β-strands. In SpoIIQ, it is 25 residues in length (residues 96-120) and contains a short α-helix (α1) followed by a β-hairpin (β2-β3). The β-hairpin is stabilized by a backbone hydrogen bond between the carbonyl group of Y112 and the amino group of T115. The residues of this β-hairpin, especially N113 and N114, are highly conserved among SpoIIQ orthologues from diverse endospore-forming bacteria (Fig. S5) . A prominent feature of LytM proteins is a shallow groove with the metalloendopeptidase active site at one end. In SpoIIQ, the region between β1 and β4 folds over and partially covers the degenerate active site. Consistent with the degeneracy of the active site residues, we did not observe any electron density to account for the presence of a divalent metal atom necessary for metalloendopeptidase activity (Fig. S6) .
SpoIIIAH 90-218 is a wedge-shaped domain with two long antiparallel α-helices (α1 and α2) and a three-stranded β-sheet (β1, β2, and β3; Fig. 1B ). α2 and a third, shorter α-helix (α3) pack on one side of the β-sheet, and α1 packs on the other. Consistent with the homology detected by HHpred, a Dali database search showed that the SpoIIIAH 90-218 structure closely resembles that of the ring-forming domains of YscJ family proteins (Fig. 2B) . SpoIIIAH 90-218 and enteropathogenic E. coli EscJ (1YJ7) superimpose with a Z-score of 9.6 and rmsd of 2.5 Å (Table S1 ) (8) . SpoIIIAH and EscJ differ significantly in the length of α1, with SpoIIIAH α1 being significantly longer than its EscJ counterpart. This difference in length makes SpoIIIAH wider than EscJ.
SpoIIQ 73-220 -SpoIIIAH 90-218 Interface. The principle feature of the SpoIIQ 73-220 -SpoIIIAH 90-218 interface is a composite β-sheet consisting of the β-hairpin (β2-β3) of SpoIIQ and the threestranded β-sheet (β1-β3) of SpoIIIAH (Fig. 3A) . This composite β-sheet is formed by the antiparallel pairing of SpoIIQ β3 and SpoIIIAH β3 through backbone hydrogen bonds between SpoIIQ Y116 and SpoIIIAH V212 (Fig. 3B) . The β-sheet is further stabilized by a series of side chain/backbone hydrogen bonds between SpoIIQ N114 and SpoIIIAH F214, SpoIIIAH D209 and SpoIIQ L118, and SpoIIQ K120 and SpoIIIAH K208, respectively. In addition, SpoIIQ α2 and the preceding β1-β4 residues (residues 96-103) pack with SpoIIIAH α3 against the backside of the composite β-sheet (Fig. 3C) . A hydrogen bond occurs between the side chains of SpoIIQ α1 residue K105 and SpoIIIAH α3 residue D198. Finally, the interface contains an extensive hydrophobic core consisting of the side chains of SpoIIQ Y96, L109, Y116, and L118, and SpoIIIAH A193, I197, M207, V210, V212, and F214. The degenerate active site residues S119, D123, S169, and H204 of SpoIIQ do not interact with SpoIIIAH.
As noted by Camp and Losick (1), SpoIIQ contains a highly conserved stretch of residues at the C terminus of the LytM domain (residues 202-216). These residues include the two degenerate active site residues (H202 and H204), one of the β-strands of the core β-sheet (β11; residues 203-208), and the C-terminal LytM region (residues 209-216). Somewhat surprisingly, none of these conserved residues interact with SpoIIIAH. The Cα backbone of SpoIIQ V212-A213 and SpoIIIAH M207-K208 come into relatively close proximity (approximately 8.5-10 Å), but no specific interactions are observed. The side chain of K208, however, was not included in our model because its electron density was poorly defined. Instead, the side chain of C-terminal loop residue N215 forms an intramolecular hydrogen bond with the side chain of residue E97 in the region between β1 and β4. Thus, the C-terminal loop interacts with and may stabilize or properly position this region for interaction with SpoIIIAH. This is consistent with the fact that a truncated SpoIIQ LytM domain lacking the C-terminal region (SpoIIQ ) is unable to interact with the full-length extracellular domain of SpoIIIAH (SpoIIIAH ) in vitro (7).
Modeling SpoIIQ 73-220 -SpoIIIAH 90-218 Ring. To gain insight into how the SpoIIQ-SpoIIIAH complex may organize into an oligomeric form, we modeled the structure of the assembly state by using the Rosetta macromolecular modeling package (14) . We made a number of simplifying assumptions based on homology with the type III secretion system. We assumed that the SpoIIQSpoIIIAH complex assembles into a symmetric homomeric ring structure that could potentially contain 12 to 25 subunits and therefore this placed no assumptions upon a potential pore size that may form for potential ligands to pass through. We reasoned that formation of the ring will lead to a compact structure with contacts between consecutive SpoIIQ and SpoIIIAH proteins and that the outside surface of the ring would not contain large spaces between the proteins (i.e., both sets of subunits in the ring would be tightly packed). This could only result from significant shape complementarity between consecutive SpoIIQ-SpoIIIAH complexes in the ring. Finally, we assumed that formation of the ring structure could lead to small readjustments of the backbone of the SpoIIQ and SpoIIIAH complex but not largescale conformational changes compared with the crystal structure. A fixed-backbone symmetrical assembly protocol was used to identify which oligomerization states were most compatible with the formation of compact ring structures (15) . The modeling was carried out with each complex (chains A and B and chains C and D) found in the asymmetric unit. Based on the results of these simulations, a 15-mer and 18-mer ring was selected for chains CD and AB, respectively (Fig. 4) . To allow for some plasticity in the internal structure of SpoIIQ and SpoIIIAH triggered by ring formation, the remaining simulations were carried out with a flexible backbone approach. To generate the final models of the assembly structure of SpoIIQ-SpoIIIAH, AB and CD models were generated with C18 and C15 symmetry, respectively, in a prediction protocol that combines fixed-backbone docking and a final all-atom refinement step (16) . For model CD with C15 symmetry, the simulation converged to one preferred assembly structure with seven of the 10 lowest energy models being nearly identical (including the lowest energy model; Fig. 4 A-C) . For model AB with C18 symmetry, there was less convergence, with three of the 10 lowest-energy models adopting the same binding mode (including the lowest-energy model; Fig. 4 D-F) . Two alternative C18 modes are presented in Fig. S7 A-F. The energy landscapes of the lowest energy models for AB and CD have a funneled shape with lowest energy for models that are most similar to the predicted model ( Fig. S7 G  and H) . Such features, together with convergence of independent simulations giving rise to the same structure, are a useful indicator of how close to the native structure a predicted model is expected to be (17) .
Overall, the binding modes of the lowest-energy C15 (Fig. 4A ) and C18 (Fig. 4D ) models are very similar. The majority of the difference in binding mode can be explained by the difference in symmetry that results in ring structures with slightly different subunit rotation angle and radius. For both models, the majority of atomic contacts are contributed by SpoIIIAH-SpoIIIAH interfaces. This suggests that the binding mode observed in the lowest-energy models is primarily a result of interactions between SpoIIIAH subunits. If the structure of a homomeric SpoIIIAH ring is predicted (with the subunit structure extracted from the lowest-energy model heterodimer simulation), the lowest-energy SpoIIIAH ring model has the same binding mode as in the model generated from the heterodimeric SpoIIQ-SpoIIIAH simulation for model CD. Conversely, prediction of the homomeric SpoIIQ ring does not recover the binding mode predicted from the heterodimer docking. That the SpoIIIAH binding mode is recovered in the homomeric docking simulation strengthens the hypothesis that the heterodimer assembles as shown in Fig. 4 A-F and that SpoIIIAH triggers oligomer formation.
Discussion
The structure of the SpoIIQ-SpoIIIAH complex presented in this study provides important insights into the molecular architecture of the basal components of a channel or transporter that spans two membranes during endospore development. Although previous work demonstrated that SpoIIQ and SpoIIIAH interact through their LytM and YscJ domains, respectively, the structure of the complex reveals that SpoIIIAH recognizes a region that protrudes from the N terminus of the SpoIIQ LytM domain. The region contains a β-hairpin that interacts in an antiparallel manner with the C-terminal β-strand of the SpoIIIAH YscJ domain, forming a composite β-sheet (Fig. 3) . This N-terminal region is not conserved in other LytM proteins and appears to have evolved this specific structural motif that specifies the interaction with SpoIIIAH. It remains to be determined whether variation in this N-terminal region is a common mechanism by which LytM domains acquire new protein-protein interactions.
In the current model for how the mother cell nurtures the forespore during late stages of development, the SpoIIQSpoIIIAH complex is thought to serve as the basal components of a channel or transporter through which a molecule essential for forespore development is moved (1-4) . The model is based on the observation that SpoIIIAH shares low sequence similarity with the ring-forming basal components of bacterial type III secretion systems. The structure of the complex shows that SpoIIIAH folds into the ring-building structural motif conserved in these proteins, validating a key assumption of the model. Spreter and colleagues (9) hypothesized that sequence variation in these conserved structural motifs could allow for differences in ring subunit number, dimensions, and surfaces. Our modeling experiments are consistent with this concept (Fig. 4) . That we observed the same type of interaction mode in our model as in the type III secretion systems (e.g., the helix pointing toward the center of the ring) without making this specific assumption during the modeling strengthens the modeling result. Although our ring models showed SpoIIIAH subunits organized in a manner similar to that found in type III secretion systems, the SpoIIQ-SpoIIIAH rings are predicted to consist of 15 or 18 subunits (depending on which complex in the crystallographic asymmetric unit is used in the modeling) rather than the 24 subunits of the rings formed by the basal type III secretion system proteins (8, 9, 18) . This difference in subunit number appears to be the result of the increased length of SpoIIIAH α1 compared with its counterpart in type III secretion system proteins ( Fig. 2B and Fig. S8 ). This increased length makes the SpoIIIAH domain longer and decreases the number of ring subunits (Fig. S8) . In our 15-subunit model, the inner diameter of the SpoIIIAH ring is similar to that of the basal type III secretion system rings (∼82 Å). However, the inner diameter of the 18-subunit model is slightly larger at approximately 116 Å (Fig. S9) .
By analogy with type III secretion systems, the SpoIIQSpoIIIAH complex may serve as a structural scaffold where other components of the transporter are assembled. The genetic locus encoding SpoIIIAH also encodes one cytoplasmic (SpoIIIAA) and seven integral membrane proteins (SpoIIIAB, SpoIIIAC, SpoIIIAD, SpoIIIAE, SpoIIIAF, SpoIIIAG, and SpoIIIAH), which, like SpoIIIAH, are expressed in the mother cell. Coimmunoprecipitation of most of these proteins has been used to suggest that these proteins form a complex with SpoIIQ-SpoIIIAH (3). SpoIIIAA shares relatively high sequence similarity with the type II and IV secretion ATPases, and SpoIIIAE has low similarity with many different transport protein families, including permeases and those involved in type I secretion. The inner diameters of both ring models are large enough to accommodate several copies of each of these other integral membrane components. If the putative SpoIIIAH ring is filled with the other integral membrane proteins encoded by the spoIIIA locus, this hybrid transporter would contain features of several types of secretion systems (including type I, II, III, and IV secretion systems) that are found widely among bacteria. These secretion systems typically transport proteins or DNA (reviewed in refs. [19] [20] [21] [22] [23] [24] . However, Camp and Losick (2) presented evidence that the SpoIIQ-SpoIIIAH channel transports one or more small molecules required for RNA or protein synthesis in the forespore. The substrates and structure of this hybrid transporter remain to be elucidated.
Materials and Methods
Protein Expression and Purification. spoIIIAH 90-218 and spoIIQ 73-220 were amplified by PCR from B. subtilis (strain JH642) chromosomal DNA and ligated into pET14b (Novagen) as previously described (7) . Each plasmid contained a coding sequence with an N-terminal hexahistidine (His) tag and thrombin cleavage site. Protein expression was induced with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside in E. coli BL21 Star (DE3; Invitrogen) cultures grown at 37°C in Luria-Bertani medium supplemented with ampicillin (100 μg/mL). Cell pellets were resuspended in 100 mM Tris, pH 7.5, 500 mM NaCl, 5 mM imidazole, 2 mM β-mercaptoethanol, and Complete Mini EDTA-free protease inhibitor mixture (Roche). Cells were disrupted by passage through a French press (15,000 psi). The resulting lysates were centrifuged at 10,000 × g for 10 min, and supernatants were filtered through 0.45-μm filters (Millipore). Samples were injected onto a 1-mL HisTrap FF column (GE Healthcare) using an ÅKTAexplorer 10 (GE Healthcare). The column was washed with 10 mL buffer A (100 mM Tris, pH 7.5, 500 mM NaCl, 5 mM imidazole, 2 mM β-mercaptoethanol), and His-tagged proteins were eluted with a 20-mL linear gradient from 0% to 100% buffer B (100 mM Tris, pH 7.5, 500 mM NaCl, 500 mM imidazole, 2 mM β-mercaptoethanol).
His-tagged proteins were dialyzed in 2 L 50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM β-mercaptoethanol at 4°C. Proteins were then incubated with 100 U thrombin protease (GE Healthcare) at room temperature for 2 h to remove the His tags. NaCl (5 M) was added to a final concentration of 500 mM, and samples were injected onto a 1-mL HiTrap Benzamidine FF (GE Healthcare) to remove thrombin protease. The flow-through fractions were injected onto 1-mL HisTrap FF columns to remove free His-tags and uncut His-tagged proteins. The flowthrough fractions were concentrated with Amicon Ultra-4 centrifugal filter units (molecular weight cut-off of 10,000; Millipore) and injected onto a HiLoad 16/60 Superdex 75 prep-grade gel filtration column (GE Healthcare). Proteins were eluted with 180 mL 50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM β-mercaptoethanol, and then concentrated with Amicon Ultra-4 centrifugal filter units. Protein concentrations were measured by using a Bradford assay (Bio-Rad).
Selenomethionine-derivative proteins were expressed using the Overnight Express Autoinduction System 2 (Novagen). E. coli BL21 Star (DE3) cultures (500 mL) were grown in Overnight Express Autoinduction System 2 medium supplemented with selenomethionine (125 μg/mL) and ampicillin (50 μg/mL) in 2-L baffled flasks at 37°C for 16 h. Cells were disrupted and proteins were purified as described earlier.
Gel Filtration Chromatography. Proteins were concentrated to 100 to 200 μM by using Amicon Ultra centrifugal filters (Millipore). Proteins were mixed in a 1:1 molar ratio, incubated on ice for 1 h, and then loaded onto a HiLoad 16/60 Superdex 75 prep-grade gel filtration column (GE Healthcare). Elution of the proteins was monitored by UV absorbance at 280 and 230 nm (Fig. S3A) .
ITC. The thermodynamics of SpoIIQ 73-220 and SpoIIIAH 90-218 were measured by using a VP-ITC microcalorimeter using procedures described for SpoIIQSpoIIIAH truncation mutants (7) . Both SpoIIQ 73-220 and SpoIIIAH 90-218 were at 15 μM (sample cell) and 150 μM (syringe) in sodium phosphate buffer, pH 7.5, and 100 mM NaCl. Each titration experiment consisted of an initial test injection of 5 μL followed by 28 injections of 10 μL into the sample cell at 25°C (29 total injections). Each injection was made over a 10-s interval and spaced 180 s apart to allow baseline reequilibration. Throughout the titrations, the sample cell was stirred at 300 rpm. Titration curves were fit by a nonlinear least-squares method in Microcal Origin software by using a model for one or two binding sites. As found with previous SpoIIQ-SpoIIIAH truncation mutants, a model with approximately one binding site was found to give the optimal fit in each case and was used to extract thermodynamic parameters K d , enthalpy of binding, and stoichiometry (Fig. S3B) .
Crystallization. Crystallization trials were performed in 96-well Intelliplates (Art Robbins Instruments) with 200 nL protein (40 mg/mL) and 200 nL reservoir solution by using a Phoenix crystallization robot (Art Robbins Instruments). The native and Se-Met complex crystallized in 2.5 to 2.8 M ammonium sulfate, 4 to 10 mM magnesium acetate tetrahydrate, and 0.05 M MES monohydrate, pH 5.6, at 20°C in 1 to 3 wk. SpoIIQ 73-220 -SpoIIIAH 90-218 crystals were cryoprotected by sequentially exchanging the mother liquor with crystallization solution containing 15% and 30% dextrose, allowed to equilibrate for 1 to 2 min, and then flash-frozen in liquid nitrogen.
Structure Determination. SpoIIQ 73-220 -SpoIIIAH 90-218 complex crystallized in the space group P2 1 2 1 2 1 with the following unit cell parameters: a = 62.37 Å, b = 64.49 Å, c = 176.56 Å, and α = β = γ = 90° (Table 1) . SAD data of selenomethionine-derivative crystals were collected at the Northeastern Collaborative Access Team (NE-CAT) 24-ID facility at the Advanced Photon Source at Argonne National Laboratory (Argonne, IL). A total of 360°of data with 0.5°oscillation were collected on a Quantum 315 CCD detector (ADSC) using 0.979 Å radiation. A total of 277,789 reflections were collected, indexed, and reduced to 37,246 unique reflections (unmerged) to a maximum of 2.72 Å with the program HKL2000 (25) . Phase determination was carried out by the SAD method by using the intrinsic anomalous signals from selenium. A total of 10 heavy atom sites were identified and used for initial phases, followed by density modification using AutoSol from the PHENIX software suite (26) . Multiple rounds of refinement in the PHENIX suite included energy minimization and B-factor refinement, and were followed by manual building in COOT (27) . The resulting electron density maps showed mostly unambiguous density with two SpoIIQ 73-220 -SpoIIIAH 90-218 heterodimers in the asymmetric unit. The electron densities for SpoIIIAH 90-103 and SpoIIQ 73-78 residues were not well defined and omitted from the final model. Water and ion molecules were added manually in COOT. Model quality was subsequently determined by using Phenix built-in validation tools, including Molprobity (26) , with all residues within most favorable or allowed regions of the Ramachandran plot. Data collection and refinement statistics are shown in Table 1 .
Rosetta Symmetry Docking. The prediction of the structure of the oligomeric form of the SpoIIQ-SpoIIIAH dimer was performed by using the molecular modeling software Rosetta (14) . In the modeling, the crystallized portion of the SpoIIQ-SpoIIIAH dimer (residues 104-217 for SpoIIIAH and 78-220 for SpoIIQ) was treated as one subunit. Both dimers in the asymetric unit were used as the basis for modeling in separate simulations (chains A and B and chains C and D). SpoIIQ-SpoIIIAH dimers were assumed to assemble into a ring structure with cyclical symmetry and with an oligomerization state between 12 and 25 based on homology with the type III secretion system. For each oligomerization state, 5,000 models of the assembly structure were generated by a symmetric assembly prediction protocol (15, 16) . We reasoned that, in the assembled complex, SpoIIIAH and SpoIIQ must be in contact with other subunits in the ring and that the ring must be tight enough to prevent large pores from penetrating the exterior of the ring. These considerations suggest that the native complex must be compact. We looked for compact assemblies by finding the smallest radius among the 100 lowest-energy models for each oligomerization state. As more subunits are added to the assembly, the radius of the ring is expected to monotonically increase. Based on the radius of the smallest C12 ring in the simulation, the radius of all other oligomerization states can be predicted by using simple geometrical considerations. The oligomerization state generating the most compact rings were identified by comparing the radius of the smallest ring for each oligomerization state with the predicted radius from the simple scaling analysis. This procedure identified C18 and C15 as the oligomerization states yielding the most compact rings, for chains A and B and chains C and D, respectively. The final predictions were generated in simulations in which the rigid body, side chains, and backbone were simultaneously optimized. Before modeling the assembly structure of chains A and B and chains C and D (with C18 and C15 symmetry, respectively) the dimers were refined in the Rosetta energy function by using an all-atom refinement protocol (28) . A total of 120 models were generated, and the lowest-energy model was selected as the basis for the assembly protocol. The assembly protocol follows the rigid body procedure described previously (15) but adds an all-atom refinement at the end of the simulation, as also described previously (29) . A total of 12,000 assembly models were generated in each simulation. The 10 lowest-energy structures were then selected for further all-atom refinement (17) . At this stage, models that did not have intersubunit contacts within the ring for SpoIIIAH and SpoIIQ were discarded. A total of 120 all-atom refinements were generated for each selected models, and the top predictions were selected as the lowest-energy models among the refined models.
